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Highlights

We report an efficient method for acid functionalization of carbon nanotubes.
The method produces uniform and stable suspensions of carbon nanotubes in water.
The surfaces of the tubes are not damaged by the treatment.

Abstract

We report a novel method that is able to efficiently functionalize carbon nanotubes (few-walled: from 1 to 6 layers and
multiwalled) with a high yield of carboxyl groups, based on treatments with H2O2 in the presence of UV light. The amount

of carboxylic groups was quantified by X-ray photoelectron spec-troscopy and back-titration, showing both measurements
reasonable agreement. According to the zeta potential values and to the amount of suspended nanotubes, we
demonstrate that the method is able to produce uniform and stable suspensions of carbon nanotubes in water. With the
aid of scanning and transmission electron microscopy, thermogravimetric analysis, and Raman spectroscopy, we show
that the surfaces of the tubes are not damaged by the treatment and that the functionalized tubes have an enhanced
reactivity toward oxygen. This route is efficient and could now be used to fabricate polymer composites using few-walled

and multiwalled carbon nanotubes.

Keywords
Polymers Composite Materials Magnetic Materials Nanostructures Electrical Conductivity Dielectric Properties

1. Introduction

Carbon nanotubes, either single- (SWCNT) or multi-walled
(MWCNT), exhibit extraordinary mechanical [1] and electronic
[2,3] properties that depend upon their chirality and degree of
crystallinity. Due to their robustness and high conductivity (ther-
mal and electrical), carbon nanotubes (CNT) could be used in
the fabrication of novel composites that could lead to various
types of devices including sensors [4,5]. Despite these outstanding
properties of CNT, it is important to emphasize the importance of

surface functionalization (e.g. carboxylation) in order to efficiently
transfer their properties to different matrices (polymer, ceramics
and metals).

The surfaces of highly crystalline CNTs (single- or multi-walled)
interact strongly by van der Waals forces that result in the
agglomeration of these tubes so as to form bundles or agglomerates
[6]. These agglomerates make difficult the tube dispersion in
various liquid media. This tube clustering (or bundling) is probably
the main difficulty during composite preparation. The usual way to
disentangle these aggregates is by modifying the crystallinity of the
sidewalls, which results in weaker van der Waals interactions
among tubes, using different processes that include [4]: high power
ultrasonic treatments, ball milling, three roll milling, extrusion,
chemical treatments, etc. [7].



Regarding the chemical functionalization of CNTs, various stra-
tegies have been recently used: 1,3-dipolar cycloaddition of azo-
methine ylides [6-6] and adsorption of pyrene-containing polymer
chains [8]. However, the most common functionalization route
occurs by the generation of reactive side groups (carboxylic acid or
amino groups [9,10]) that are responsible for disrupting the tubes’
curvature and result in weaker van der Waals interactions [11].
Once the sp?-like hybridization of the carbon atoms in the tubes has
been transformed into more sp>-like, efficient sidewall reactions
with polymer chains could be observed so that enhanced load
transfer could occur from tubes to polymers within composites.

Nanotube functionalization not only has beneficial effects on the
physico-chemical interactions established between CNTs and poly-
mer matrices, but also could result in enhanced electrical conduc-
tivity of CNT polymer composites [ 12—18]. In this context, carboxylic
groups within graphene domains reduce the binding energies of C=
C double bonds and could therefore increase the electrical conduc-
tivity of nanotube thin films. Parekh and col. [12] have observed that
CNT thin films improved conductivity after HNO3; oxidation and
SOCI; contact. Wang et al. [17] studied the effect of the carboxylic
functionalization of SWCNT using the density functional theory, and
they found that the electrical conductivity would be significantly
improved by increasing the axial density of —COOH groups.

CNT functionalization involving partial oxidation processes has
been reported by numerous researchers [19—34]. For example, Liu
et al. [20] first reported the severe oxidative treatment of SWNT
when using a reflux mixture of concentrated sulfuric and nitric acids
(H2S04/HNO3 3:1, 98% and 40% respectively ). Interestingly, variations
of this method have been widely used by various researchers to
purify (removal of catalyst impurities and amorphous carbon) and
functionalize SWCNT and MWCNT [16,17,20,21,24]. Gonzalez-Guer-
rero et al. [25] found that the concentration of total acidic groups
increased up to 2.5 x 10~ mol mg~! after 6 h of refluxing time, and
remained constant at longer refluxing periods. The oxidative purifi-
cation of catalytically prepared nanotubes by KMnQOg4, H,05, HCIO4
and ozone has also been reported [31]. The results indicate that
KMnOy creates an oxidized tube that is free from amorphous carbon;
however, additional steps are needed to remove the MnO, that is
generated during the oxidation process. Kuznetsova et al. [32] have
demonstrated that both carbonyl and ether groups are produced
when SWNTs are purified using HySO4/HNO3 and H,SO4/H20, mix-
tures. The effect of partial chemical oxidation of SWNTs using various
oxidizing agents has also been reported by Yang and co-workers [19].
These authors indicate that various functional groups can be intro-
duced to the tubes surfaces when the SWNTs are treated with
different oxidizing agents. Dilute nitric acid has shown to generate
carboxylic acid groups on defect sites already present within nano-
tubes, whereas a mixture of concentrated sulfuric and nitric acids
generates carboxylic acid groups on newly created defective sites
[23,24]. Potassium permanganate introduces different amounts of
hydroxyl, carbonyl and carboxylic groups within the nanotubes
surface [35]. But all these methods generally have low yields and
extensive post-treatment purification processes are usually needed
to remove traces of unwanted chemicals. In addition, some of these
methods are very aggressive and the surfaces of the tubes could get
severely damaged creating defective sites, reducing their strength
and changing therefore their size or aspect ratio.

It is well known that oxidative processes involving sp? hybrid-
ized carbon atoms start with the creation of an alcohol group, fol-
lowed by a ketone group, and finally yielding a carboxylic group
[20]. The next oxidative step in a high oxidizing environment in-
volves the generation of CO,, which is released from the structure
thus creating “holes or vacancy defects” within the graphene layer.
However, chemical treatments with concentrated acids could seri-
ously affect the overall crystallinity of the tubes by the introduction

of an excessive number of surface defects. Hence, some researchers
have studied alternative milder methods such as ozone oxidation
[27—29,36]. These methods have found that ozone or a combination
of UV—ozone or water vapor, generate oxygenated functional
groups such as C—OH, —COOH and —C=0 on the sidewalls of CNTs
through free radical formation. In the same way, Li et al. [30] re-
ported oxidation of MWCNT using Fenton’s reagent, and showed
that MWCNTs could be successfully functionalized with hydroxyl
radicals which could be reactive all along the tube walls.
Therefore, alternative routes to develop a high yield carboxyla-
tion process without damaging the sidewalls of CNTs need to be
discovered. In this paper, we report a safe route that combines ul-
traviolet light able to generate radicals, coupled with a mild
oxidant, H,0,. We also report and test this simple and efficient
method for high yield carboxylation of few-walled carbon nano-
tubes (FWCNT), a generic name for nanotubes with low number of
walls (e.g. double-, triple- or four-walled), which also results in a
low degree of damage of the sidewalls. The resulting functionalized
FWCNT have been studied by X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), Raman
spectroscopy, elemental analysis, back titration and {-potential
measurements. In addition, we have confirmed that the proposed
oxidation treatment increases nanotube solubility in water. We
believe these mildly treated tubes could now be used in the fabri-
cation of polymer composites, since we envisage strong in-
teractions of the tube walls with various types of polymer chains.

2. Experimental
2.1. Materials and reagents

Chemical vapor deposition (CVD) synthesized CNT were pur-
chased from Shenzhen Nanotech Port Co. Ltd. (China) with a purity
>90%, diameter <2 nm and lengths between 5 and 15 pm. Analyzed
samples contained a mixture of nanotubes with a number of walls
ranging from 1 to 6. According to manufacturer specification, these
tubes were acid purified and this fact justifies the presence of acid
groups on the surface of pristine nanotubes. To extend this study to
other nanotubes from different sources and with different struc-
ture, MWCNT from Arkema (Graphistrength, GS, 10—15 nm diam-
eter, 0.1-10 um length) and MWCNT from Nanocyl (NCL, 9.5 nm
diameter, 1.5 um length) were acquired. Hydrogen peroxide 30%
w/v was supplied by Panreac; water solutions of 0.1 N sodium
hydroxide and 0.1 N hydrochloric acid volumetric standards were
supplied by Sigma Aldrich.

2.2. H»0,/UV oxidation

In a typical process 1 g of as-received FWCNTSs was dispersed in
25 ml hydrogen peroxide 30% w/v (100 vol.) in an open culture disk
beaker, immersed in an ultrasonic bath and irradiated with a UV
light (Philips Lighting 250HPLN 250W without filter) at 15—20 cm
lamp distance during 15 min. The resulting dispersion was diluted in
distilled water, cleaned and filtered several times. Before drying, the
wet sample was ground for 20 min in an agate mortar and finally
lyophilized. Nanotubes treated in this way will be called oxidized
FWCNTs all along this paper in order to avoid confusion with as-
received or pristine FWCNT that also contain traces of acid groups.
This method was also applied to multiwall nanotubes: GS and NCL.

2.3. Characterization

XPS data were recorded with an Omicron spectrometer equip-
ped with an EA-125 hemispherical electron multichannel analyzer
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and an unmonochromatized Mg Ko X-ray source operating at
150 W with a pass energy of 50 eV. The samples were pressed into
small pellets of 15 mm diameter, mounted on the sample holder
and introduced into the chamber where they were degassed for 6—
8 h until a dynamic vacuum below 108 Pa prior XPS analysis was
achieved. The recorded spectra were analyzed using CASAXPS
software, and RSF database by peak fitting after Shirley background
correction.

Metal elemental analyses on both pristine and oxidized nano-
tubes were carried out by XR fluorescence using the Xepos III from
Spectro Analytical Systems using the TurboQuant Powders method.

SEM observations were carried out using a FEI-XL30 microscope
equipped with a backscattered electron detector (BSE) and an en-
ergy dispersive analyser (EDAX D4i). Samples were prepared as
follows: 0.1 mg of CNT were ultrasonically dispersed in 10 ml of
isobutanol for 10 min and a couple of drops of solution were
deposited on the sample holder and dried in vacuum at 60 °C for
1 h. TEM characterization was performed in a 200 keV JEOL 2010F
electron microscope. A suspension of CNT in isopropanol was
prepared ultrasonically and a drop was deposited in Lacey carbon
grids. Raman spectroscopy measurements of both pristine and
oxidized samples were carried out in a microscope-based in Via
Renishaw Raman Spectrometer, using the 514 nm line from an
argon laser as the excitation wavelength. For each sample, several
spectra were taken in different places to verify the homogeneity of
the sample structure and composition.

The zeta potential values of pristine and oxidized FWCNTs were
measured in aqueous solution (50 mg L~1) at pH = 7.4, using a nano
Zetasizer (Malvern Instruments, UK). Titration (Schott CG842 pH
meter) was carried out with distilled and boiled water in order to
keep out CO. In a typical experiment, 0.1 g FWCNTs were added to
15 ml of a 0.1 N NaOH solution, then sonicated for 1 h and stirred
during 14 h, to allow the solid CNT material to equilibrate with the
NaOH solution. After this FWCNTs were removed by filtration, and

the resulting material was back titrated with a 0.096 N HCl aqueous
solution.

Thermogravimetric (TGA) analyses were performed on a Perkin
Elmer 6000 STA system heating from 50 °C to 900 °C. Approximately
5 mg of sample were heated in an open platinum crucible up to
1000 °C at a rate of 10 °C min~! under air flow (20 ml min~1!). Oxygen
and nitrogen contents were determined on a LECO TC500 analyzer.

3. Results and discussion

The chemical nature of the functional groups generated on the
CNT sidewalls was examined by XPS. The C1s and O1s peaks ob-
tained for H,0,/UV oxidized FWCNTs are presented in Fig. 1.

Both peaks have been fitted by deconvoluting different contri-
butions from separate binding energies, see Table 1.

Results for pristine and oxidized FWCNTs are presented in
Table 2 where it can be observed that as-received FWCNTSs contain a
certain amount of oxygen and carboxylic groups on their surface,
probably due to the supplier purification method; but after our
oxidation treatment the O/C ratio increases by a factor of 4. Analysis
of C1s and O1s signals reveals that this excess in oxygen is mainly
due to alcohol and carboxylic groups, whereas for as-received
FWCNTs the highest signal corresponds to carbonyl groups. More-
over, from the O/C ratio along with the carboxylic specific signal it
can be estimated the number of carboxylic equivalents per at-g C,
resulting in ~10~3 eq (at-g C)! for the pristine CNT and
~1072 eq (at-g C)~! for the oxidized ones. To the best of our
knowledge this high carboxylation yield using a short and mild
oxidation treatment has not been reported hitherto.

In order to verify these results, elemental analyses, as well as
back titration experiments were performed. Results are presented
in Table 3.

Back titration results indicate an increase of 65% in carboxylic
groups for FWCNTs. Expressing carboxylic concentration data in
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Fig. 1. XPS spectra corresponding to the carbon (C1s) and oxygen (O1s) binding energies of as-received (a and b) and oxidized (c and d) FWCNTs using H,0, and UV. The spectra are
deconvoluted and the different functional groups are indicated. It is important to note that the spectra do not show considerable changes, thus indicating that the surfaces of the

tubes were not heavily altered after the oxidation treatment.



Table 1
Binding energy ranges (eV) of several functional groups used for the convolution of
FWCNT XPS spectra.

Binding energy range (eV)

Cls

C=C, graphitic or polyaromatic 284.5—284.6
C—C, aliphatic 285.5—-285.6
C—0, alcohol and/or ether 286.4—286.9
C=0, ketone and/or amide 287.2—287.8
COO, carboxylic, lactone, anhydride or ester 288.7—289.1
C*, plasmon or transition T — T* 290.5—-291.2
O1ls

C=O0, carbonyl in ketone, lactone, ester 531.0-532.0
C—0, alcohol, ester, lactone 533.0-532.6
COOH, carboxylic 533.9-534.9

terms of equivalents per at-g C results are 2 x 10> eq (at-g C)~! for
the pristine and 3.3 x 103 eq (at-g C)~, in fair accordance with XPS
results presented above. Elemental analysis shows that the oxygen
content increases 41%; it should be noted that if this excess in ox-
ygen had been used solely in generating new carboxylic groups, the
increment of acidic groups would have been only ca. 20%. There-
fore, these results suggest that our chemical-UV treatment gener-
ates carboxylic groups via two parallel processes: i) direct oxidation
of sp3-like hybridized carbon atoms and ii) oxidation of other
oxidized forms of carbon, probably from pre-existing carbonyl
groups since their content decreases significantly (Table 2). To
check the validity range of the method, multiwall CNTs from other
sources were also oxidized. Results are also presented in Table 3,
where it can be observed that the carboxylic acid content increased
23% for NCL and 50% for GS.

Luque and col. [37] studied theoretically the adsorption of car-
boxylic groups and hydrogen peroxide on perfect and defective
(Stone—Wales, 5 or 7 rings) graphene sheets through the density
functional theory. Three of their conclusions could help to under-
stand the oxidation mechanism underlying the findings presented
here at least in qualitative terms. The first one is that functionali-
zation of graphene sheets with carboxylic acids seems to occur
preferably in the defects acting as nucleation centers for successive
functionalization steps, i.e. once a first COOH group has been
adsorbed, adsorption of a second one on neighbor carbon atoms
induces a strong stabilization. With regard to H,O; adsorption,
these authors found that the limiting process for adsorption of the
OH species on perfect and defective graphene sheets is the cleavage
of the O—O bonds of hydrogen peroxide. Once OH’ radicals are
formed they can accommodate easily on defective graphene sheets,
e.g., sp> hybridized carbon atoms, but due to the extensive reor-
ganization of the sp? network, this process is extremely slow in a
perfect substrate. Moreover, if the surface has been previously
functionalized with carboxylic groups absorption of OH' species
seems to be specially favored.

Experimentally, room temperature oxidation of carbon nano-
tubes with hydrogen peroxide alone has been explored by Peng and
col. [38]. Their results are in agreement with calculations made by
Luque and col. [37]: hydroxylation takes place very slowly along

Table 2
Functional groups content on the surface of FWCNTs after deconvolution analysis.

C1s (at %)
(=C Cc-C C-0 (=0 coo c*

Ols (at %) o/C
C=0 C-O COOH

Pristine 69.1
FWCNTs

H,0,/UV  70.1
FWCNTs

226 15 10 04 54 715 213 72 0019

179 47 22 1.1 40 313 432 256 0.081

several days preferentially on network defects and in a subsequent
stage, —OH and lactone groups transform into carboxylic groups
and CO; with removal of impurities. It seems therefore that
hydrogen peroxide photolysis with UV radiation is the key process
to speed up the oxidation process. It is well known that H,O; can be
dissociated with UV light according to the following reaction

hy

H202 i ZOH.

generating OH" radicals which are strong oxidants. In fact, photo
dissociation of hydrogen peroxide has been used as a general
oxidation process for reducing pollutants, dyes and organic matter
(see for example the work of Muruganandham [39] and references
contained therein) under mild acidic conditions. The natural pH of
pristine FWCNT water dispersions is slightly acidic, adequate to
avoid loses of hydrogen peroxide by self-ionization. Through UV
irradiation, the generated OH' radicals oxidize hydroxyl and
carbonyl preexisting species and, at the same time, becomes
adsorbed in defect sites of the sp? graphene sheet, although these
tubes do not present a high proportion of defects as revealed by
thermal analysis (see below). As carboxylic groups are formed,
subsequent radical absorption should occur on the distorted
neighboring carbon atoms in accord with Luque and col. [37]
theoretical findings. If this mechanism operates, the distribution
of carboxylic groups along the walls of the tubes should not be
homogeneous but concentrated in small clusters. More work is
presently being carried out to verify this point.

An alternative source of OH" radicals may come from the iron
catalyzed hydrogen peroxide decomposition, either dark or pho-
toassisted, that may play a role because of the presence of catalyst
impurities. In this process, known as the Fenton oxidation, the
highest rate corresponds to the oxidation of Fe** to Fe3* producing
hydroxyl radicals. It requires the presence of Fe?* ions that can be
formed by oxidation of the reduced iron present in the catalyst
systems. To verify if this process could operate in the functionali-
zation of nanotubes, elemental analysis was performed before and
after the oxidation treatment by XR fluorescence. Amounts of the
main impurities are presented in Table 3. The presence of several
transition metals is attributed to catalyst residues, and the presence
of Al is attributed to the catalyst support. The high Al content found
for GS and NCL suggests these systems use a Fe catalyst supported
system, whereas nanotubes from Shenzhen probably use a non-
supported catalyst with Co as main component. Iron content is
greatly reduced after oxidation for Shenzhen nanotubes so for
these systems, Fenton oxidation is a possible route. GS nanotubes
present similar iron content but it remains practically constant
before and after oxidation; this may reflect that catalyst residues
are not accessible to hydrogen peroxide so Fenton oxidation route
can be excluded. Similarly, iron content in NCL nanotubes is roughly
10 times lower and also remains constant; if Fenton route would
operate carboxylic content would have been about ten times lower
and this is not observed. Therefore, it can be concluded that
although Fenton oxidation is a plausible parallel route for nanotube
functionalization, it is not responsible for the high carboxylic con-
tent obtained in GS and NCL systems.

In previous reports, it has been observed that high temperature
oxidation treatments using HNO3 on SWCNTs may generate
carbonaceous debris adsorbed on the nanotubes surface containing
the great majority of carboxylic groups [40]. This carbonaceous
material (also known as fulvic acid) has also been observed in
oxidized MWCNTs [41,42] which was then removed after a basic
treatment with NaOH, thus decreasing the amount of functional
groups anchored to the CNT sidewalls. Our chemical-UV oxidation
treatment is too mild to result in the generation of adsorbed fulvic
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Table 3

Elemental analysis, carboxylic content (back titration) and {-potential of commercial and oxidized FWCNTs and other commercial multiwalled CNTs.

Sample 0 (%) N (%) Al (%) Fe (%) Co (%) Mo (%) [-COOH] x 10% A[—COOH] (%) {-potential (mV)
(eq.g™")

Pristine FWCNTs 1.83 0.17 0.03 2.1 8.6 0.75 1.7 65 —245 4+ 5.8
H,0,/UV FWCNTs 2.58 0.15 0.03 0.04 2.1 0.13 2.8 —-282 +55
Pristine GS — — 4.7 24 — — 0.8 50 —

H,0,/UV GS - - 46 22 - - 12 -

Pristine NCL - - 7.7 0.3 0.09 - 2.6 23 -

H,0,/UV NCL - — 10.2 0.44 0.15 - 3.2 -

acids but in order to ensure that after our oxidation treatment, the
generated carboxylic acids were firmly anchored to nanotube
sidewalls, the oxidized nanotubes were treated with 1 M NaOH for
1 h, filtered, extensively washed with water and back titrated again.
We then observed that the amount of acidic sites remained unal-
tered after this treatment, indicating that acidic groups generated
after our oxidation method are located on the nanotube sites and
do not form part of adsorbed fulvic acids.

A direct consequence of generating carboxylic groups within the
nanotube sidewalls consists of an increase of the surface potential
due to ionization reactions in water. The surface electric potential
could be characterized by {-potential measurements. In this
context, Kim et al. [15] reported that {-potential of pristine nano-
tubes exhibited a positive value, whereas oxidized nanotubes using
HNO3 were negatively charged, and the absolute value increased
with the strength of the oxidation process. {-potential values for
our commercial and oxidized FWNTs are presented in Table 3. In
agreement with our previous findings, both as-received and
oxidized nanotubes exhibit a negative potential being lower for the
oxidized nanotubes. It is noteworthy that our results show lower
values than those reported by Bae et al. [43] and are similar to those
found by Kim et al. [15], who used a more aggressive oxidation
treatment (1 h at 100 °C with 40% HNO3); however, {-potential
values are higher than those reported by Hu [44], who used very
long treatment periods in the presence of HNOs.

An important goal of the carboxylation of CNT was to increase
their dispersibility without resulting in severe structural damage.
So we measured the solubility of the nanotubes in water shortly
after its dispersion by a 30 s sonication treatment and 30 days after
to test dispersion stability. A maximum concentration of oxidized
nanotubes (132 mg L) was observed after 1 h, whereas pristine
nanotubes only displayed 28 mg L~ 30 days after making these

dispersions, it was found that the concentration of pristine nano-
tubes in water decreased to 0.4 mg L~ but the concentration of the
oxidized ones was almost ten times greater (3.7 mg L™!). Therefore,
our oxidation method notably increases both the short and long
term solubility.

In order to confirm the post treatment degradation state and
dispersibility, TGA, SEM, TEM and Raman spectroscopy were car-
ried out. Representative SEM and TEM images of both as-received
and oxidized nanotubes are shown in Figs. 2 and 3.

Dilute dispersions of pristine nanotubes in isobutanol indicate a
tendency to form bundles of tubes, but it can be clearly observed
how the functionalized FWCNTs become less agglomerated and
exhibit no apparent damage on the tubes walls (see Fig. 3). In some
occasions, along with these tubes, some particles, probably
graphitic carbon and catalyst residues, are also present.

TEM images of pristine and oxidized FWCNT samples did not
reveal considerable differences in terms of purity, structure and
tube wall quality. From low magnification images (Fig. 3, top) it can
be noticed that the samples are mainly composed of CNTs and the
concentration of catalysts nanoparticles as well as amorphous
carbon is low. Higher magnification TEM images reveal that the
tube walls range between one and six. These images also indicate
that the walls quality and structure are well preserved after the
oxidation process (Fig. 3, bottom), which is in good agreement with
SEM observations and with Raman spectra which are discussed
below. GS and NCL tubes were also studied by TEM; as with FWCNT,
the corresponding images (Figure SI-1 a and b, Supplementary in-
formation) did not reveal any considerable difference in terms of
wall structure.

Fig. 4 shows the Raman spectra of pristine (top) and oxidized
(bottom) FWCNTs; the corresponding spectra or GS and NCL
MWCNTs are presented in Figure SI-2 a and b. For each sample we

Al (v) ~ .

Fig. 2. SEM images of: a) as-received FWCNTs, and b) oxidized FWCNTs with H,0,/UV. It is clear that after the oxidation treatment the tubes appear to be better dispersed and a

fewer number of bundles are observed.



Fig. 3. TEM images of pristine (top) and oxidized FWCNTs (bottom). From the images it is clear that the surface of the tubes was not altered after the oxidation treatment in
H,0,/UV. The nanotubes exhibited from 1 to 6 walls.
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Fig. 4. Raman spectra of pristine FWCNTs (top), and oxidized FWCNTs (bottom). RBMs (left spectra) indicate the presence of narrow diameter tubes including SWNTs, DWNTs and
the inner tubes of TWNTSs. It is noteworthy that the spectra do not show any significant difference between the two samples, thus indicating that the carboxylation process did not
affect the surface structure of our FWCNTs.



recorded at least eight different spectra from different locations
within samples in order to verify the homogeneity of the materials.
We noted that the average variations of the relative intensities as
well as the position of the characteristic Raman peaks (D at
~1358 cm™!, G ~1589 cm~! and 2D ~2689 cm™!) are very similar
in both samples, suggesting that the oxidation-functionalization
process did not affect considerably neither the structure of
FWCNTSs nor GS or NCL.

The Raman peaks at lower frequencies (100—300 cm™!) known
as Raman breathing modes (RBM) are generally observed in single-,
double- and triple-walled CNTs, and its spectral position depends
on the nanotube diameter. The range of RBM positions in both
samples was broad and not affected by the oxidation process.

The effect of the oxidation treatment on thermal stability and
thermal degradation mechanism of the tubes was analyzed by
thermogravimetry. TGA curves are depicted in Fig. 5. As received
FWCNTs experience a slight increase in weight up to 480 °C,
attributed to the oxidation of the catalyst residue. This pre-
oxidation stage, which is absent in the oxidized samples, has
been previously reported in literature by other authors that carried
out the functionalization of SWNTs [45]. In the temperature range
between 450 and 660 °C, a sharp weight decrease occurs for both
samples. Finally, a post oxidation residue is detected for both
samples: 13.0% for as-received FWCNTs, and 3% for the oxidized
ones. The first value reasonably agrees with the supplier purity
information (>90%). The lower value found for the oxidized
FWCNTs suggests that the carboxylation treatment partially
removes unwanted residues. It is noteworthy to observe how
quickly the catalyst impurities are reduced after only 15 min of
H,0,/UV oxidation.

By analyzing the first derivative of the curves from the TGA data,
we noted that the curves reveal a minimum, corresponding to the
maximum oxidation rate, Ty,, which is located at 565 °C for our
oxidized material, and at 603 °C for as-received FWCNTs. As stated
by Arepalli et al. [46] Ty, values depend on different factors that
include, tube diameter, defects, presence of catalyst impurities and
derivatization moieties located on the nanotube sidewalls. There-
fore, a broad range of T, values are found in the literature. In
Table 4, it is presented a brief survey of Ty, data for SWCNT from
different sources but similar to those used in this work.

Analysis of the data reveals that defective nanotubes contami-
nated with amorphous carbon present a maximum oxidation rate
below 500 °C and as the nanotubes are purified and annealed to
reduce the number and extent of defects, Ty, increases up to 600 °C

%W

Oxidized R

: 20

T T T T T T T T

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 5. TGA plots of FWCNTSs: a) pristine, and b) oxidized by H,0,/UV. It is clear that the

oxidized material burns out at lower temperatures when compared to the pristine

tubes. Therefore, the reactivity of the surface has been modified by the process and the
oxidized tubes are more reactive with oxygen at higher temperatures.

Table 4

Thermal stability, Tp,, at 10 °C min~! of several SWCNT from different sources.
Source Tm (°C) Ref
Sigma—Aldrich 380 [47]
Carbon Nanotechnologies 500 [47]
Nanocyl 514—534? [48]
HiPco (raw) 406 [45]
HiPco (purified) 602 [45]
HiPco 498 [49]
Carbolex (raw) 380 [50]
Carbolex (purified) 547 [50]
Shenzhen Nanotech (virgin) 448 [51]
Shenzhen Nanotech (annealed)? 592 [51]
Shenzhen Nanotech (virgin) 603 This work
Shenzhen Nanotech (oxidized) 565 This work

3 Data extrapolated at 10 °C min~' from original data at 5 °C min~".

b Vacuum annealing at 1000 °C for 2 h.

approximately. We can therefore conclude that the FWCNTs used in
this work have almost no amorphous carbon, are thermally stable
with low number of defects, and the proposed mild oxidation
treatment slightly reduces its thermal stability.

The slight reduction in thermal stability is in accord with the
results of Yun and col. [38] but not sufficiently explained in the
literature. One possible explanation considers that oxidation pro-
cess starts with decarboxylation and CO; generation creating a hole
in the graphene sheet and inducing a cascade of events that ulti-
mately collapses the carbon structure and its combustion. The
presence of a higher amount of carboxylic groups facilitates initi-
ation of the structure collapse and accelerates the combustion but
should not change the overall mechanism. Therefore, the com-
bustion mechanism should present the same overall activation
energy.

There are several proposed methods to recover the oxidation
activation  energy  from  non-isothermal  thermograms
[45,46,49,51,52]. Chang’s method [52] recovers AE from the slope of
In(q-da/dT/(1 — &)™) vs. (1/T) plot, where the conversion degree is
defined as a« = (mg — my)/(mp — M), q is the heating rate and
da/dt = da/dT-dT/dt = q-da/dT. Assuming that the oxidation of
CNTs can be described by a single chemical process with a reaction
order n = 1, and that the temperature dependence of the reaction
constant is described by the Arrhenius law within the narrow
temperature range in which oxidation reaction takes place (roughly
150 °C), apparent activation enthalpies could be obtained. In the
conversion range « € (0.05—0.9), we have found linear fits with
regression coefficients higher than 0.993, as depicted in Fig. 6.

The recovered apparent activation enthalpies are 226 kj mol~!
for as-received FWCNTs and 203 k] mol~! for oxidized FWCNTs.
These values are notably higher than those previously reported in
the literature [47,49] which range between 120 and 140 kJ mol~},
and the difference of activation energies between the pristine and
oxidized nanotubes can be hardly explained. However, a detailed
analysis of the fitting could be carried out by studying the residuals.

As revealed in Fig. 6, reasonably good regression coefficients
were obtained using Chang’s method because the experimental
“wavy” trend compensates positive and negative deviations, but
residuals clearly show that experimental data follow a more com-
plex kinetic behavior than initially assumed. All attempts to fit data
to more complex single kinetic models, using either differential or
integral features, similar to those reported by Vignes [45] or Illekova
[49], failed, thus reflecting that no single model can explain accu-
rately the oxidation kinetics of these FWCNTs. Therefore, in order to
obtain model independent activation enthalpies, T;, was obtained at
two other heating rates (1 and 5 °C min~!), and the Kissinger
method was applied [53,54]. Plots of In(q/T52) vs.1/Tm allowed us to
recover very similar activation energy values for both samples:
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Fig. 6. Top: Chang’s plot assuming reaction order n = 1; Bottom: fitting residuals
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data respectively.

AEpristine = 138 £ 1 k] mol !, and AEoxigized = 144 + 6 k] mol . These
values are in the same range as those reported in the literature, and
allow us to conclude that the oxidation treatment studied in this
paper increases reactivity of the tubes but do not modify neither
their structure nor their combustion mechanism.

4. Conclusions

The yield of functionalized CNTs and the density of functional
groups, ideally carboxylic acids that result from the oxidation
process are important parameters. Many researchers have tried to
explain the oxidation mechanism of CNTs, and it is believed that the
chemical modifications of CNTs originate from defects sites, i.e.,
point defects, atomic impurities or heptagon—pentagon pairs that
are under strain. In the presence of strong oxidizing agents, the
graphitic structure is also attacked, thus creating a large number of
unwanted defect sites that could react with the oxidizing agent.

The oxidation method studied in this work avoids the use of
unpleasant strong acids and uses UV light to induce hydrogen
peroxide photolysis thus creating strong oxidant OH' radicals that
adsorb on preferred sites and oxidize other pre-existing oxidized
forms of carbon. The generated carboxylic groups partially origi-
nate from oxidation of lower oxidation states, such as carbonyl
groups, initially present and probably due to an acid purification
process. Fenton oxidation parallel route may play a role on the
functionalization of FWCNT from Shenzhen, but it can be excluded
in the oxidation of GS and NCL nanotubes. Whether the carboxylic
groups are uniformly distributed along the tube walls or forming
small clusters is an issue under current investigation. In any case,
the yield of this reaction appeared to be higher than those reported
in the literature using other methods and can be also used with
MWCNT as confirmed by our results on GS and NCL nanotubes. The
method reported here appears to be efficient with no apparent
structural damage on the tubes, it slightly decreases the thermal
stability of the tubes, it increases dispersibility and the resulting
carboxylized FWCNTs could now be more efficiently dispersed in
liquid media and incorporated in polymer composites.
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